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Abstract
A new method to search for localized domains of disoriented chiral condensates
(DCC) has been proposed by utilising the (η − φ) phase space distributions of
charged particles and photons. Using the discrete wavelet transformation (DWT)
analysis technique, it has been found that the presence of DCC domains broad-
ens the distribution of wavelet coefficients in comparison to that of normal events.
Strength contours have been derived from the differences in rms deviations of these
distributions by taking into account the size of DCC domains and the probability
of DCC production in ultra-relativistic heavy ion collisions. This technique can be
suitably adopted to experiments measuring multiplicities of charged particles and
photons.
Disoriented chiral condensates (DCC) have been predicted to be formed
in high energy hadronic and nuclear collisions when the chiral symmetry is
temporarily restored at high temperatures. As the matter cools and expands,
the vacuum may relax into a state that has an orientation different from the
normal vacuum. This may lead to the formation of localized domains of DCC,
having an excess of low momentum pions in a single direction in isospin space
[1–5]. It has been estimated [1] that the neutral pion fraction, f , corresponding
to the DCC domain, follows the probability distribution:
P (f) =
1
2
√
f
where f = Npi0/Npi (1)
The formation of DCC domains gives rise to isospin fluctuation, where
the neutral pion fraction can deviate significantly from 1/3, the value for
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uncorrelated emission of pions. This would lead to event-by-event fluctuation
in the number of charged particles and photons in a given phase space, since
majority of the photons originate from pi0 decay and the contents of charged
particles are mostly charged pions.
The experimental observation of DCC depends on various factors, such
as the probability of occurrence of DCC in a reaction, number of possible
DCC domains in an event, size of the domains, number of pions emitted from
the domains and the interaction of the DCC pions with rest of the system.
However, not much theoretical guidance regarding these factors is available
[1–8]. While cosmic ray observations of Centauro and anti-Centauro events
[9] remain unexplained, the results of laboratory experiments obtained so far
[10,11] have not ruled out the presence of large fluctuations in the relative
number of charged particles and photons in localized regions of (η− φ) phase
space. The method of discrete wavelet transformation (DWT) [12] has been
shown to be quite powerful to search for this type of fluctuation [13–15]. In this
article, a new line of analysis has been employed where the DWT technique
has proved to be once again useful to reliably extract information regarding
the size and the frequency of occurrence of DCC domains.
The DWT technique has the beauty of analyzing a distribution of particles
at different length scales with the ability of finally picking up the right scale
at which there is a fluctuation. This technique has been suitably adopted to
search for bin to bin fluctuation in the charged particle and photon multiplicity
distributions. The input to the DWT analysis is a sample distribution function
at the highest resolution scale, jmax, where the total number of bins is 2
jmax .
The sample function has been chosen to be:
f ′ =
Nγ
Nγ +Nch
(2)
where Nγ and Nch are the multiplicities of photons and charged particles,
respectively. The bins are made in φ-space and analysis has been carried out
using D−4 wavelet basis. The output consists of a set of wavelet or father
function coefficients (FFCs) at each scale, from j = 0,...,(jmax−1). The FFCs
at a given scale carry information about the degree of fluctuation at higher
scales. Due to the completeness and orthogonality of the DWT basis, there is
no information loss at any scale.
The calculations for the present work have been performed for central (b <
3 fm) Pb+Pb collisions at the CERN-SPS energy of 158·A GeV using VENUS
(version 4.12) event generator [16], which has been widely used to describe
heavy ion collisions at the SPS energies. All the particles with short lifetime
are allowed to decay except pi0’s. In the absence of a reliable dynamical model
where the effect of the formation of DCC could be simulated at an early stage
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of the reaction, the DCC pions are introduced at the freezeout stage. The goal
is to observe the effect of DCC domains on the measured quantities, assuming
DCC pions survive till the freezeout time. This assumption is supported by
recent theoretical calculations [17].
For simulations involving DCC domains, one needs to know the position of
the domain, size of the domain in (η, φ) and number of DCC pions within the
domain. The DCC events are generated from VENUS events (referred to as
“normal” events) by changing the relative population of charged and neutral
pions [13] in the domain according to the the following three scenarios, varying
from highly optimistic to somewhat realistic cases:
• Assumption (1) Most optimistic case:
All the pions within the chosen domain are assumed to be of DCC origin.
• Assumption (2) A little towards reality:
Since pions from DCC domains are of low pT , we assume that out of all the
pions present within the chosen domain, only pions with pT < 300 MeV/c
may be of DCC origin. (Such low pT pions constitute about half of the total
number of pions within the given domain.)
• Assumption (3) Somewhat realistic:
This corresponds to enhanced pion production in case of DCC formation.
Here, a number of pions with pT < 300 MeV/c, generated according to DCC
probability given in equation (1) and having uniform pT distribution, are
added within the chosen domain on top of the existing pions in a normal
event.
For assumption (3), the number of additional pions depends on the size of
the DCC domain and the energy density of the domain. DCC domain sizes
of the order of 3−4 fm in radius have been predicted by different theoretical
models [18–20]. Assuming the energy density available for pion production
within the DCC domain to be about 50 MeV/fm3, the number of DCC pions
is estimated to be between 40 and 100. Keeping this in mind, simulations have
been performed taking 60 and 100 additional low pT pions.
In the present work we confine ourselves to a single DCC domain, which
is assumed to overlap with a hypothetical detector system measuring charged
particles and photons within the pseudo-rapidity range 3.0 ≤ η ≤ 4.0 and with
full azimuthal coverage. We assume a DCC domain of size ∆η=1 (within the
above pseudo-rapidity window) and vary the size in φ (denoted as ∆φ) to see
the effect on observed quantities. It is advantageous to study small domains
so as to avoid the attenuation caused by the sampling of uncorrelated pions
[8].
In order to be compatible with experimental observables, all simulations
have been carried out by taking detector effects, like acceptance and efficiency,
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into account. The efficiency of the charged particle detector is assumed to be
95% [21,22]. Because of the inherent difficulties in photon measurement, and
guided by the previous works [22–25], the efficiency of photon detection is
taken to be 70%. It is also known that charged particles sometimes give signals
in the photon detector and such a contamination in an experimental situation
can be large. In view of this, a 25% charged particle contamination has been
included in the photon signal. For assumption 3, DCC pions are added by
taking into account the two track resolution of a typical detector. The average
number of hits on the charged particle and photon detectors for normal events
are 430 and 370 respectively.
A multi-resolution DWT analysis on the sample function, as given by equa-
tion (2), is carried out starting with jmax=5. FFC distributions are obtained
at scales, j = 1−4, for each of the above assumptions using 20000 events. The
distributions are shown in Fig. 1 for scale j = 1. The solid histograms in all
the panels represent the FFC distributions for normal events with detector ef-
fects taken into account. The dashed histograms show the corresponding FFC
distributions when a DCC domain of size, ∆φ = 90o and 3 ≤ η ≤ 4 is intro-
duced in all the events. This constitutes an ensemble of DCC events having
100% probability of occurrence of DCC. It is observed that the distributions
for normal events are gaussian at all scales, whereas there is a broadening in
each of these distributions in the presence of DCC.
The rms deviation, ξ, of the FFC distribution for the ensemble of DCC
events is maximum for assumption 1, as shown in Fig. 1(a), and reduces for
the assumption (2) and (3) as seen in Figs. 1(b) and 1(c), respectively. The
reason for this is that for assumption 1 all the pions in the domain undergo
DCC type of transformation, whereas for assumption 2, only low pT pions,
which are about half of the total number of pions, are allowed to be of DCC
origin. In case of assumption 3, the number of extra pions of DCC type, which
are added on the top of the existing pions in a normal event, constitute only
20% or less of the total pion population, thus further reducing the broadening.
The presence of a DCC domain modifies the phase space distributions of
charged particles and photons, resulting in an increase in the rms deviations of
the FFC distributions. To quantify this effect properly, we introduce a strength
parameter, str as:
str =
√
(ξ2DCC − ξ2normal)
ξnormal
(3)
where ξnormal is the rms deviation for an ensemble of normal events and ξDCC
is the rms deviation for an ensemble of DCC events.
For each of the DCC formation scenarios, DCC events are generated for
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a given domain size ∆φ. An ensemble of DCC events is then produced by
mixing different fractions of DCC events with normal events, as appropriate
for different probabilities of occurrence of DCC. A set of such ensembles of
events are generated by varying the size ∆φ. Strength values are derived for
all the different event ensembles, the number of events being 20000 in each
case. Contours of equal strength values are plotted corresponding to different
domain sizes and varying probabilities of occurrence. Fig. 2 shows such con-
tours for assumption 1, the top and bottom panels representing the contours
at scales j = 1 and j = 2 respectively. The strength values are as marked for
each contour in the figure.
The lowest contour corresponds to a strength value below which the method
is not sensitive either to the change of domain size or to the probability of
occurrence of DCC, i.e., no distinction can be made between normal events
and DCC type of events. Using the rms deviation of the FFC distribution of
normal events and the statistical error associated with it, we obtain the low-
est strength value to be 0.1. The higher strength contours correspond to the
cases where the FFC distributions are wider compared to those of the normal
events. The figure indicates that the method is sensitive upto very low values
of the probability of occurrence of DCC events, ∼0.2%, for domain sizes ≥ 90o
in case of j = 1 and 40−60o for j = 2. No significant change in ξ values for
j = 3 and 4 was noticed for DCC type of events compared to those of normal
events.
Fig. 3 shows a similar set of strength contours for assumption 2. For a
given domain size and probability of occurrence of DCC events, the strength
values in these cases are smaller compared to the corresponding values for as-
sumption 1. The lowest contour now appears for 1% probability of occurrence
of DCC.
Fig. 4 shows the strength contours at scales j = 1 − 4 for assumption 3,
where additional pions from a DCC domain are superimposed on top of the
normal events as discussed before. For this simulation, the number of DCC
pions added are kept fixed irrespective of the size of the DCC domain. This
may be justified if the coherence of the emitted pions is maintained till freeze-
out even for smaller domains. The solid and dashed contours correspond to 100
and 60 additional DCC pions, respectively. In most cases the strength values
for 100 additional pions are larger compared to those for 60 pions (for a given
domain size, equal strength appearing at a higher value of the probability of
occurrence of DCC in the later case). It is observed that the strength contours
get broader in terms of DCC domain sizes, as one goes from scale j = 4 to
j = 1. In our simulation jmax is taken to be 5, which corresponds to ∼ 11o in
φ. We find that the extent of the contours at a given scale of j, are from 11o to
180o/(2j−1) with minima at about 90o/(2j−1). The fluctuation at the highest
scale is thus carried over to the lower scales. The information obtained at all
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scales have to be combined to conclusively characterize a DCC domain.
This novel technique can be adopted to experiments measuring multiplic-
ities of charged particles and photons in overlapping parts of phase space
[26,27]. Using the measured phase space distributions of particles, data anal-
ysis may proceed via DWT method to obtain FFC distributions at various
scales. Similar set of FFC distributions can be obtained by simulating the
experimental situation, with varying DCC domain sizes, and probability of
occurrence and taking the detector effects into account. The strength values
can be calculated from data with respect to the simulated events at different
scales. These values shall correspond to certain equal strength contours ob-
tained from the simulated events with DCC, at different scales. If the contour
corresponding to the strength value of the data lies above the lowest contour
of the simulated events, obtained by taking all systematic and statistical er-
rors into account, this might be indicative of the presence of measurable DCC
effects in the data. The effect will be best observed when the domain size is
smaller compared to the detector coverage in actual experiments. By corre-
lating the information derived from the strength contours at all scales one
can draw inference about the size and the number of pions emitted from a
localized DCC domain present in the data and also about the probability of
occurrence of DCC.
In summary, the difference in the rms deviations of the FFC distribution
of DCC type of events with respect to normal events has been exploited for
characterizing the localized domains of DCC. The sensitivity of the DWT
technique to pick up fluctuations has been well demonstrated. It has been
found that by correlating the rms deviations of the FFC distributions at dif-
ferent scales one can predict the size and the location of such fluctuations. The
method uses three assumptions motivated from various theoretical predictions,
and has been able to show that the sensitivity of this method is best in the
most realistic assumption 3 scenario. Because of very high particle multiplic-
ities at RHIC and LHC, one can go up in scale for DWT analysis, without
encountering large bin-to-bin statistical fluctuations. This will enhance the
sensitivity of the method and will allow one to probe smaller domains.
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Figure Captions
Figure 1. The FFC distributions at scale j = 1 for VENUS events (solid
histograms) and DCC type of events (dashed histograms), with DCC domain
size ∆φ = 90o and 3 ≤ η ≤ 4, corresponding to (a) Assumption 1, (b) As-
sumption 2, (c) Assumption 3.
Figure 2. Strength contours at two different scales, j = 1 and j = 2 for DCC
assumption 1. The abscissae shows the size of DCC domains in ∆φ and the
ordinate is the probability of occurrence of DCC domains.
Figure 3. Strength contours at two different scales, j = 1 and j = 2 for DCC
assumption 2, where only low pT pions (pT < 300 MeV) are assumed to be of
DCC origin.
Figure 4. Strength contours at four resolution scales, j = 1,2,3 and 4, for DCC
assumption 3. The solid curves show the contours for 100 low pT (pT < 300
MeV) additional DCC pions and the dashed curves are for 60 additional DCC
pions.
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